This study was conducted in order to clarify whether photocatalyst flocculation -as observed in biologically pretreated greywater -contributes to photocatalytic oxidation (PCO) efficiency impairment. Aqueous solutions of tetraethyleneglycol dimethylether spiked with different inorganic salts in concentrations as found in biologically treated greywater were investigated with respect to TiO 2 flocculation and PCO mineralisation kinetics. Flocculation of the photocatalyst primarily depended on pH (which was affected by the salts) and how close pH was to the point of zero charge (PZC). Photocatalyst agglomeration was maximum at pH 5.5. With salt concentrations >7 mmol L À1 , flocculation was strong even at pH far above PZC due to electric double layer compression. PCO rate constants were not unequivocally related to flocculation. Increasing pH was observed as the clearest factor deteriorating PCO efficiency. This was interpreted to result from impaired adsorbability of negatively charged oxidation intermediates as well as from enhanced CO 2 absorption with increasing pH and subsequent formation of HCO 3 À anions which are OH radical scavengers.
INTRODUCTION
Separately collected greywater can serve as an excellent resource for reuse for several reasons: low levels of N and P nutrients, pharmaceuticals, and microbiological pathogens, high volume flow, safe segregation from industrial wastewaters and easily biodegradable organics (Li et al. ) . Treatment of greywater in constructed wetlands results in TOC of 5-15 mg L À1 (Li et al. ) .
However, for high-quality reuse purposes requiring chlorination TOC concentrations should be below 2 mg L À1 .
Otherwise, trihalomethane concentrations above 10 μg L
À1
are formed (Kuehn & Wricke ) . For indirect potable reuse of reclaimed wastewater, some guidelines (U.S. Environmental Protection Agency ) require TOC < 1 mg L À1 . A sustainable technology to achieve these goals is solar photocatalytic oxidation (PCO) subsequent to biological treatment. Unfortunately, removal of organics from biologically treated greywater by PCO is rather inefficient when compared to other pretreated wastewaters (Gulyas et al. a) . As in biologically pretreated greywater drastic flocculation of the photocatalyst TiO 2 'P25' was observed, and it has been speculated that photocatalyst nanoparticle agglomeration resulting in decreased UV light absorption might be a cause for low efficiency of greywater PCO (Gulyas et al. ) . PCO impairment due to photocatalyst flocculation caused by inorganic salts has been previously hypothesized (Calza & Pelizzetti ; Zhang et al. ) .
While photocatalyst flocculation is an advantage with respect to separation of the catalyst, it might deteriorate PCO efficiency for two reasons: firstly, the size of the catalyst aggregates affects the light-scattering properties as well as the degree of photon penetration (Maira et al. ) ; and secondly, the reduced specific surface of the photocatalyst might lead to impaired adsorption of the organic molecules to be oxidised. Very fine TiO 2 particles with diameters below 100 nm are known to have a high transparency to visible light, but high UV absorbance (Stamatakis et al. ; Ellsworth et al. ) . Quantum yield of photocatalytic propyne hydrogenation with water in the gas phase sharply increased when TiO 2 photocatalyst particles were smaller than 100 nm (Anpo et al. ) . The problem of flocculation of TiO 2 nanoparticles leading to reduced UV absorption was also discussed for sunscreens containing TiO 2 (Aro & Dahms ) and for the use of TiO 2 as a photostabiliser in tablets (Aman & Thoma ) .
However, inorganic wastewater constituents can impair PCO efficiency in other ways than by photocatalyst flocculation. One mechanism is the competition of inorganic anions with organics for binding sites on the photocatalyst surface at pH below the point of zero charge (PZC) (Abdullah et al. ; Bekbölet et al. ; Calza & Pelizzetti ; Zhang et al. ) and of inorganic cations at pH above PZC (Kormann et al. ) . On the other hand, PZC depends on ionic strength of the surrounding aqueous solution. Another mechanism of PCO inhibition by inorganic wastewater constituents is OH radical scavenging, predominantly by inorganic carbon species (dissolved CO 2 , bicarbonate and carbonate) which are commonly present in wastewaters. This agrees with PCO efficiency being inversely related to wastewater alkalinity (Gulyas et al. a) which is mainly caused by inorganic carbon.
In order to clarify which of the mechanisms discussed above is mainly responsible for low PCO efficiency in biologically pretreated greywater, experiments were carried out with synthetic aqueous solutions containing the polar, but neutral model organic compound tetraethyleneglycol dimethylether (TetraEGDME) and inorganic salt components in concentrations as analyzed in biologically pretreated greywater. TetraEGDME has been found, e.g., in waste oil processing plant wastewater (Gulyas & Reich ) . As TetraEGDME does not dissociate in water, it will not affect the pH of the model wastewaters. Both photocatalyst agglomeration and PCO kinetics were investigated with the different model wastewaters and a biologically treated greywater.
EXPERIMENTAL Biologically treated greywater sampling
A grab sample of the effluent of a constructed wetland for greywater treatment was collected at the eco-settlement Lubeck-Flintenbreite. In this settlement, greywater is collected separately (Otterpohl et al. ) .
Model greywaters
Model greywaters were solutions of 25 mg L À1 Tetra-EGDME in deionised water to simulate the organic content of biologically treated greywater. One model greywater contained only the organic compound but no salts. 
Gravimetric analysis of TiO 2 flocculation (pipette method)
Suspensions of 1 g L À1 TiO 2 'P25' in the different model greywaters were agitated in a one-litre graduated cylinder for 5 min by magnetic stirring, followed by a settling period of 1 h. Then 50 mL were sampled by means of a pipette, which had been fixed with the bore 10 cm below the liquid surface. Subsequent to vacuum filtration of the sample over membrane filters (Magna-Nylon, Roth, Karlsruhe, Germany; pore size 0.45 μm), the solids on filter were dried at 105 W C and weighed.
The pH of the model wastewaters as well as of the real greywater was determined before and after TiO 2 addition.
Irradiation experiments
Magnetically stirred suspensions of 1 g of TiO 2 'P25' in one litre of model greywater (containing 25 mg L À1 TetraEGDME and inorganic salts) were irradiated for 24 h in a slim 2-L glass beaker. The magnetic stirrer with the beaker was placed directly below a UV-A radiator (face tanner HB 172, Philips, Hamburg, Germany; emission maximum: 352 nm). The distance between face tanner housing and liquid surface was 15 cm resulting in a UV intensity at the liquid surface of 36 W m À2 as determined by means of a pyranometer CM6B (Kipp & Zonen, Delft, Netherlands). A photolysis experiment was conducted with a 25 mg L À1 TetraEGDME solution in deionised water without TiO 2 under the same experimental conditions.
For TOC analysis, 50 mL samples were taken at fixed times from stirred suspensions and subjected to membrane filtration (Magna-Nylon, Roth, Karlsruhe, Germany; 0.45 μm pore width). Water losses due to evaporation were compensated before each sampling by adding as much deionised water to the suspension as necessary to re-establish the original recorded weight of the reactor.
Chemical analyses
TOC of filtered samples was analysed in duplicate subsequently to addition of 1.5 vol.% HCl by a TOC-VCSN analyser (Shimadzu, Kyoto, Japan). Averages were used for calculating rate constants. Chloride, nitrate, sulfate, and phosphate concentrations of the biologically treated greywater were analysed by ion chromatography (Dionex Softron, Germering, Germany) using a 250 × 4 mm Dionex AS4A-SC column and a 1.8 mmol L À1 Na 2 CO 3 /1.7 mmol L À1 NaHCO 3 eluent. Acid-neutralising capacity (ANC) was determined by titration of 100 mL of sample with 0.01 mol L À1 HCl until pH was 4.3. Sodium, potassium, calcium and magnesium concentrations were determined by inductively coupled plasma/optical emission spectrometry using an Optima 2000 DV (Perkin-Elmer, Rodgau, Germany). Conductivity and pH were recorded by means of conductivity and pH meters (WTW, Weilheim, Germany).
RESULTS AND DISCUSSION

Greywater characteristics
Composition of biologically treated greywater is given in Table 1 . As estimated from ANC, bicarbonate exhibited the highest concentration among the analysed anions, even higher than chloride. The TOC concentration of the biologically pretreated greywater (5.5 mg L
À1
) was lower than the TOC of the model wastewaters: a concentration of 25 mg L À1 TetraEGDME is equivalent to a TOC concentration of 13.5 mg L
. Organics in biologically treated greywater mainly consist of polysaccharides, humic substances, building blocks and low-molecular weight carboxylic acids (Gulyas et al. b) .
Photocatalyst flocculation Figure 1 shows TiO 2 concentrations 10 cm below the liquid surface for suspensions in the different matrices after one hour sedimentation versus suspension pH. No flocculation was observed when the photocatalyst was suspended in a pure deionised water matrix spiked with the organic TetraEGDME. Also in matrices containing the organic compound together with 2.23 mmol L À1 chloride (filled squares) or 0.29 mmol L À1 nitrate (open squares), respectively, no marked agglomeration occurred. Two regimes can be distinguished in Figure 1 : a parabolic relationship with a flocculation maximum at pH 5.5 and a region (pH 6.8-8.3) with high extent of flocculation, but without a marked pH influence on flocculation. In the parabolic region, each type of anion in equal molar concentrations is clustered at similar pH and flocculation values.
As an exception, the suspensions containing hydrogenphosphates with different cations were spread over a wider range of pH and flocculation. Two different flocculation mechanisms have to be considered: difference between the suspensions' pH and the photocatalyst's PZC, and compression of the electric double layer by ions charged oppositely to the particle surface's charge. The PZC of TiO 2 'P25' was reported to be about 6.7 (Fernandez-Ibanez et al. ). However, Figure 1 suggests a PZC of around 5.5. It should be noted that PZC can be affected by organic and inorganic solutes (Preocanin & Kallay ) .
The pH of suspensions containing sulfates was closer to PZC than suspensions with chlorides or nitrates resulting in drastic flocculation even at lower sulfate concentrations.
The pH dependence of flocculation is well visible in suspensions containing 0.06 mmol L À1 hydrogenphosphates (data points 1-4 in Figure 1 ). Their pH varied from 6 for CaHPO 4 to about 6.8 for K 2 HPO 4 . Increasing difference of pH from PZC was linked to impairment of flocculation. The pH effect of hydrogenphosphates was overlaid with compression of the electric double layer. Ca 2þ (data point 1)
and Mg 2þ (data point 2) led to more pronounced flocculation than the respective K þ (data point 3) and Na þ (data point 4) salts due to more efficient compression of the electric double layer by divalent cations. In the case of bicarbonates, as well as for the two salt mixtures and the real greywater, pH was much higher than PZC. Therefore, the flocculation is assumed to be rather a consequence of electric double layer compression than of the suspensions' pH, which were very different from the PZC. This is in accordance with comparably high salt concentrations in all the suspensions which are grouped around the straight line in Figure 1 . Around pH 6.5, the influence of salt concentration is very distinct; while the data points 1 and 3 represent hydrogenphosphate concentrations of 0.06 mmol L À1 leading to lower extents of flocculation, the salt mixture without HCO 3 À ('mix þ nitrate') at a similar pH exhibited a very efficient flocculation, obviously because this mixture contained 2.23 mmol L À1 KCl, 7.89 mmol L À1 KNO 3 , and 0.45 mmol L À1 K 2 SO 4 additional to 0.14 mmol L À1 K 2 HPO 4 .
The largest extent of flocculation was observed for the real greywater. This might be due to the highest content of inorganic salts in this matrix among the tested solutions, because it certainly contained ions additional to the analysed ones.
Irradiation experiments
Photolysis of TetraEGDME in aqueous solution without any salts was negligible compared to its mineralisation by PCO. After 4 days UV irradiation in the absence of photocatalyst, TOC removal was <12%, but nearly 100% after 1 day irradiation when 1 g L À1 of TiO 2 was added (data not shown).
In PCO experiments, the model wastewater without salts showed the largest rate constant, while the lowest rate constant was determined for the real greywater (Figure 2) . The ranking of rate constants for PCO of the different (model) wastewaters was as follows:
Rate constants for model wastewaters containing the same anion (in equal concentrations), but different cations showed some, but no large differences. The ranking indicates that higher concentrations of anions did not necessarily lead to enhanced inhibition of PCO rates (especially when 0.45 mmol L À1 SO 4 2À is compared to 0.06 mmol L À1 HPO 4 À ). There was a group of suspensions exhibiting nearly equal flocculation (real greywater, mixture with nitrate as well as the model wastewaters containing bicarbonates and sulfates), but a large variation in PCO rate constants from very low to medium values (0.02-0.12 h À1 ). By contrast, model wastewaters with largely different flocculation characteristics showed similar rate constants in the medium range of 0.1-0.12 h À1 . This is contradictory to the assumption that flocculation would directly impair the PCO rate due to decreased UV absorption by agglomerated TiO 2 particles and to diminished photocatalyst surface area available for organics adsorption and oxidation. However, all wastewaters with negligible flocculation exhibited medium to high PCO rate constants (0.1-0.16 h À1 ). It can be concluded from Figure 2 , that a high extent of flocculation is not necessarily linked to very low PCO efficiency. Possibly, there is no pronounced reduction in UV absorption by flocculation. Additionally, reduction of available adsorption sites by agglomeration might not be a limiting factor for the tested organic concentration. On the other hand, it cannot be excluded that agglomeration of TiO 2 particles may further deteriorate PCO efficiency diminished by any other mechanisms. The TiO 2 slurries in different model wastewaters showed a broad range of pH. Figure 3 suggests a relationship of PCO rate constants with pH of model greywater/photocatalyst suspensions. The real biologically treated greywater was excluded from regression analysis, because its organic constituents were different from TetraEGDME, and nature of organics also affects PCO rate and its pH dependence.
Most striking in Figure 3 is the steady decrease of rate constants with increasing pH and the absence of any unsteadiness even at pH around 5.5 where massive flocculation has been observed (Figure 1) . Thus, flocculation cannot be looked at as the main cause for low PCO efficiency. Decreasing greywater PCO rates with increasing pH were observed in a recent study (Gulyas et al. b) .
The extent of adsorption of inorganic ions to the photocatalyst surface and thus their competition with organics for adsorption sites is affected by pH. Additionally, among the oxidation intermediates of TetraEGDME are very likely organics exhibiting negative charges (anions of carboxylic acids) at elevated pH. These are adsorbed less efficiently to the photocatalyst surface predominantly negatively charged at pH ≫PZC.
As another cause for PCO rate constants decreasing with increasing pH, enhanced concentrations of the OH radical scavenger HCO 3 À caused by mass transfer of CO 2 from the air to the liquid phase is suggested. This agrees with PCO efficiencies inversely related to wastewater alkalinities (Gulyas et al. a) . Accordingly, bicarbonate as the anion added in the highest concentration led to the lowest rate constants. However, when other salts were added to the same bicarbonate concentration ('mix þ bicarbonate'), the rate constant was surprisingly higher. A possible explanation for this might be that the addition of other inorganic salts has led to a partial displacement of bicarbonate anions from the photocatalyst surface which is the only location in PCO where hydroxyl radicals are present due to their short lifetime.
CONCLUSIONS
Among the tested wastewaters leading to the most intense flocculation of photocatalyst, there were those exhibiting the lowest PCO rate constants, while the highest rate constants were observed for those model wastewaters resulting in lowest extents of photocatalyst flocculation. However, the relationship between flocculation and PCO rate constants was not as unequivocal as the relationship between suspension pH and PCO rate constants. As there were also some model wastewaters leading to high flocculation, but exhibiting higher PCO rate constants than some less flocculating wastewaters, photocatalyst agglomeration cannot be looked at as the primary mechanism of PCO deterioration, although flocculation might further diminish PCO activity inhibited by other mechanisms. It was concluded that impairment of PCO efficiency with increasing pH was caused by decreased adsorption of negatively charged oxidation intermediates of TetraEGDME as well as by mass transfer of CO 2 from the atmosphere and subsequent OH radical scavenging by the formed bicarbonate.
